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[57] ABSTRACT

An array of SQUID detectors to map the magnetic field
associated with test currents flowing in the component
to be tested. The SQUID is an ultrasensitive, miniature
device that transduces a faint magnetic field to a mea-
surable voltage. Perturbation occurs in the test currents
and the associated magnetic field at physical defects or
inhomogeneities. Multi-dimensional test currents are
injected into the component being tested; the injection
being made between specific electrodes by varying the
direction of the current until it is normal to the direction
of the defect to maximize and amplify the effect of the
perturbation. The perturbation is detected by the
SQUID grid which pinpoints the location, orientation,
and size of the defect. The frequency of the injected
current can be made to sweep the spectrum from DC to
the highest response limit of the SQUID to scan for
defects at various depths. As the frequency increases,
“skin effect” decreases the depth of the test current
permitting multi-dimensional profiles of the defect to be
imaged. Computer processing permits high resolution

images of inhomogeneities to be produced.

47 Claims, 5 Drawing Sheets
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METHOD AND APPARATUS FOR MAGNETIC
DETECTION OF FLAWS

FIELD OF THE INVENTION

The mnvention relates to detectors, and more specifi-
cally to the use of Superconducting Quantum Interfer-
ence (SQUID) arrays, for mapping the magnetic field
associated with multi-dimensional test currents, and
means to analyze the magnetic map to locate inhomoge-
neities in electrically conductive or electrically semi-
conductive materials.

DEFINITIONS

“Detectable inhomogeneities” in the content of this
patent refers to any structural feature of the component
being tested which may be located by mapping the
magnetic field associated with multi-dimensional test
currents.

The word “flaw” encompasses all types of uninten-
tional imperfections embodied in the component to be
tested. Examples of “flaws” include cracks, unintended
structural variations and other imperfections.

- For purposes of the preferred embodiment of the
invention, “multi-dimensional test current” is defined as
any electric current intentionally introduced into the
component to be tested which has characteristics which
may be selectively varied sequentially, such as fre-
quency, amplitude, orientation or direction. In alterna-
tive embodiments of the invention the term includes any
electric current which establishes a magnetic field
within' or. surrounding the component to be tested
which may be detected by a suitably positioned array of
detectors to produce signals which may be analyzed to
either locate or determine the characteristics of a de-
tectable inhomogeneity.

DESCRIPTION OF THE PRIOR ART

Inhomogeneities intentionally produced as part of the
manufactured item or resulting from flaws in electri-
cally conductive or semiconductive components pres-
ent difficult inspection problems. Additionally, in some
components made of these materials inhomogeneities
such as cracks may not be detectable when the compo-
nent 1s removed from the assembly in which it is used.
This is particularly true in situations where an inhomo-
geneity such as a crack may not be detectable except
under stress. Removing the component from the assem-
bly can result in removal of the stress, rendering the
crack undetectable using conventional test means.

Typical prior art testing techniques for detecting
these inhomogeneities utilized a limited number of test
current paths defined by current injection points and
low sensitivity sensors. The result was that in many
cases the test current paths were not oriented at a favor-
able angle with respect to the abnormality. Such a tech-
nique could result in flaws not being detected in that the
process was not sensitive to defects substantially paral-
lel to the test current path. Additionally, conventionally
used testing techniques failed to provide reliable infor-
mation related to the depth of the defect. These and
other undesirable characteristics of prior art testing
systems are substantially alleviated by the present in-
vention as described in more detail below.

SUMMARY OF THE INVENTION

In practicing the preferred embodiment of the inven-
tion, a magnetic field is established in the space adjacent
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to at least one surface of the component to be tested by

one or more multi-dimensional test currents flowing in
the component. Multi-dimensional test currents are
selected to enhance the sensitivity of the system by
favorably orienting at least one of the multi-dimensional

test currents to the probable flaws. The practicality of

the multi-dimensional test currents is enhanced in the
case of rotating electrical machinery such as generators
and motors by the fact that testing for flaws may be
done in-situ. Each multi-dimensional test current dis-
tributes throughout the component being tested, and
produces a magnetic field having predetermined rela-
tionship to the multi-dimensional test current in the
space adjacent to at least one surface of the component
being tested. The specific distribution of each of the
multi-dimensional test currents is determined by the
technique used to produce the current, the design of the
component being tested and the uniformity of the elec-
trical conductivity characteristics of the material uti-
lized in manufacturing the component.

A SQUID sensor, array positioned adjacent to the
surface of the component, detects the magnitude of the
magnetic field produced by each of the test currents,
and produces a data array having a predetermined rela-
tionship to the detected magnetic fields. Structural in-
homogeneities in the material used to construct the
component being tested result in one or more of the test
currents exhibiting abnormal flow patterns with corre-
sponding abnormal variations in the magnetic fields, as
detected by the sensor array.

Alternating (AC) test currents may also be used to
produce the multi-dimensional test current. In such
cases the test current can be concentrated near the sur-
face of the component being tested as a result of the
well known “skin effect”. Varying the frequency of the
current from zero cycles to high frequency permits
information related to the depth of the crack to be de-
termined, as the skin depth 1s inversely proportional to
the square root of frequency. Furthermore, test currents
having different characteristics, in addition to continu-
ous wave frequency, such as single or repetitive pulses
may also be applied sequentially, with the magnetic
fields associated with each of these currents separated
by suitably processing the data base. One may expect
additional sensitivity for pulsed currents as the current
path 1s altered in real time detection as it approaches the
flaw. In any case, it is possible to process the data re-
lated to the depth of a fault to produce a three dimen-
sion representation of the fault.

An important factor determining the sensitivity of the
system 1s the distance between the defect and the
SQUID detectors and the magnitude of the multidimen-
sional test current. As the distance between the SQUID
detectors and the inhomogeneity increase, the decrease
In sensitivity may be compensated for by increasing the
test current.

Any technmique for establishing the test currents is
suitable, so long as a data base and corresponding mag-
netic field map can be established or predicted using the
output signals of the SQUID array with the map includ-
ing sufficient details to permit the integrity of the com-

~ ponent to be determined. A specific component may be

tested by comparing magnetic maps of the component
before and after flaws have occurred, or maps associ-
ated with components known to be good to a similar
map of the component being tested. The contours of the
magnetic map may be predicted using the structural
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features of the component with deviations indicating
faults.

For purposes of reproducibility, test current injection
contacts may be plated, plasma sprayed etc. on the
component to be tested in a predetermined pattern.
Current probes, mechanically held against the current
injection contacts, may be used to inject the test cur-
rents.

Each multi-dimensional test current flowing in the
component to be tested causes a current to flow in all
parts of the component. The characteristics (direction
and magnitude) of the current flow at any arbitrary
point within the component being tested will be deter-
mined by the electrical impedance characteristics of the
component, the technique used to produce the current
and the magnitude of the multi-dimensional test current.
(It is necessary to consider the impedance of the compo-
nent rather than its resistance if AC test currents are
used.) A maximum variation in a test current pattern
and the resulting magnetic field results when the test
current is oriented at an approximately 90 degree angle
with respect to orientation of the flaw surface.

Another embodiment would be to connect a plurality
of the current injection contacts for sequential current
injection with all detectors active in order to image the
flaw by means of a technique analogous to X-ray to-
mography without necessarily comparing the image to
a base image.

1In the preferred embodiment provisions are provided
for injecting the multi-dimensional test current at a
variety of locations such that there is a significant prob-
ability that the test current will be oriented with respect
to flaws resulting in near maximum disturbances in the
expected magnetic field at the site of the defect. This
feature greatly enhances the sensitivity of the system.
Utilizing a variety of differently oriented current injec-
tion locations permits randomly oriented faults to be
mapped with high sensitivity.

Additionally, it is quite practical that the system or
machine using the component itself might be designed
such that small tracer currents are naturally introduced
into the component to be tested either by operating the
device in a test mode or as a part of the normal opera-
tion of the device. Such tracer currents may be used as
the multi-dimensional test currents, previously de-
scribed. |

Low voltage and low test currents which are made
practical by the sensitivity of the SQUID detectors are
~ particularly advantageous in that the voltages are suffi-
ciently low not to cause sparks across defects or to
cause carbonization and change in the defect being
analyzed.

The diameter of each element of the SQUID array
can be very small, for example, in the order of the diam-
eter of a human hair. The individual detectors may be
vapor deposited forming a large integrated network of
SQUID detectors in the form of a flexible blanket. Posi-
tioning the blanket over the surface of the component to
be tested permits the individual sensors of the array to
be used to measure the magnitude of the magnetic field
associated with the test current at predetermined loca-
tions in the component being tested. A computerized
data processing system connected to the SQUID array
collects sufficient data to produce a high resolution map
of the magnetic field associated with the test current.
Abnormalities in the component correspond to abnor-
malities in the high resolution map of the magnetic
fields. This feature improves the resolution of the sys-
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tem by several orders of magnitude as compared to
prior art magnetic testing techniques. The extent of the
area of the component mapped is limited by the size of
the SQUID array and the data processing capability of

' the system.

Further improvements in the resolution of the
SQUID array is provided by an alternate embodiment

which utilizes a plurality of superimposed SQUID ar-
rays. Well known data processing techniques are uti-
lized to accurately determine the magnetic field corre-

sponding to overlapping areas of the elements of the
SQUID array. The net effect of this approach 1s to
reduce the effective size of the elements of the SQUID
array to the overlapping area of the individual SQUID
detectors.

The resolution of the system using overlapping

- SQUID arrays is a function of the complexity of the
- SQUID array and the associated data processing. Cur-
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rently it is believed that muitiple layer SQUID arrays
having up to two or more layers are practical.

The primary problem being addressed which resulted
in the conception of the invention disclosed in this pa-
tent application was the detection of cracks in large
rotating machines associated with electric power gener-
ation. Typical of the components which may be tested
are retaining rings, such as those subsequently dis-
cussed. Therefore, the invention is described with re-
spect to such a use. However, 1t will be appreciated by
those skilled in the art that the invention has many other
uses. The invention can be adapted to test other compo-
nents made of conducting or semiconducting materiais.
A partial list of components which could be tested in-
clude nuclear fuel rods and graphite control rods for
nuclear power plants; airplane structures such as wings;
other structures subject to stress and vibration such as
bridges and buildings. The miniaturization of the
SQUID detector permits insertion inside structures
such as wings and nuclear pipes as well as on their
exterior. The term “component” used in this application
includes all these specific structures and other devices
made of electrically conducting and/or electrically
semiconducting materials.

Basic SQUID technology is rapidly developing. Sig-
nificant among recent developments has been an in-
crease in the operating temperature of the SQUID sen-
sors. Practical SQUID sensors are currently available
which are operable up to about 77K.

In many applications of the invention, so called high
temperature SQUIDS offer sigmficant advantages in
that they require less cooling. For example, when ar-
rays of SQUID detectors are mounted in close proxim-
ity to an object at a higher temperature, heat transfer
between the object and the SQUID array significantly
increases the task of cooling the array. For the same
heat transfer the spacing for a 77K SQUID is approx:-
mately 1/20 as large as the spacing for a 4K SQUID.
Closer proximity to the test specimen permits increased
sensitivity and resolution for flaw detection. High tem-
perature SQUIDS may be made of Y| Ba; CuzO7—p
(transition temperature, T.>94K), Biy Sr3_; CaxCu;
Og+y (Te>110K), Tl Baz Ca Cuz Og(T.>120K), or
other high T, materials.

It is also well known that as the operating tempera-
ture of the SQUID detector increases, the noise (some-
times referred to as Johnson noise) increases. The seri-
ousness of this noise increases as the frequency in-
creases. In most applications envisioned by the current
invention, this noise increase is not a serious problem
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 because the SQUID detectors will be operated in the
lower frequency ranges. Additionally, the use of arrays
permit data processing to be used to improve the effec-
tive sensitivity, as compared to the sensitivity of an
individual SQUID detector of a given coil size. 5

DESCRIPTION OF THE DRAWINGS

FIG 11s a retaining ring of an electric power genera-
tor illustrating the placement of typical current injec- '
thIl contacts.

- FIG. 2 is a drawing of the retaining ring, illustrated in
FIG. 1, including an illustration of the current distribu-
tion (which produces a magnetic field) resuiting from
injection of a test current utilizing at least a pair of
- typical current injection contacts.

FIG. 3 is a retaining ring indicating the modification
in the test current flow pattern as a result of a typical
crack in the retaining ring. :

FIGS. 4 and 5 are drawings illustrating the change in
the test current flow pattern as the width of the crack 20
INCreases. |

FIG. 6 1s a retaining ring illustrating the injection of
a test current using a pair of current injection contacts
selected from a plurality of possible contacts.

FIG. 7 is a pictorial diagram illustrating a blanket of 25
SQUID arrays connected to a data processor.

- FIG. 8 1s a cross-section of a portion of the blanket
illustrated in. FIG. 7.

FIG. 9 is a cross-section drawing of a multllayer
SQUID array including overlapping SQUID detectors. 30

FIG. 10 is a drawing illustrating the use of a linear
array of SQUID detectors.

F1G. 11 is a drawing illustrating a first embodiment of
the invention which uses an induction coil to induce the
muiti-dimensional test currents.

FIG. 12 is a drawing which illustrates a second em-
bodiment of the invention which uses an induction coil
to induce the multi-dimensional test currents.

FIG. 13 1s a drawing which illustrates an alternate
arrangement of the multi-dimensional test current injec- 40
tion contacts. |

FI1G. 14 1s a drawing which illustrates another alter-
nate embodiment of the multi-dimensional test current
injection contacts.

DETAILED DESCRIPTION

A typical retaining ring 20 for an electric power
generator is illustrated in pictorial diagram, FIG. 1.
Typically, retaining rings have a diameter in the order
of 4 feet and a length of 3 feet. Testing of a retaining
ring 20 is a typical application of the invention. There-
fore, the invention is described with respect to such an
application.

In use, retaiming rings are positioned on the rotor of
the generator using shrink fit techniques. As 1s general 55
knowledge in the art, these assembly techniques result
in hoopstress of the retaining ring 20, caused by the
stretched state of the ring as well as the radial force
transmitted from the body onto which the ring is
mounted. In the static state the stress increases from the
exterior surface of the retaining ring 20 toward the
interior. Moreover this stress distribution changes as the
rotor (onto which the retaining ring is mounted) rotates
at high operational speed. |

Generally, cracks which result from the stresses
begin on the interior of the retaining ring 20 and extend
outward as a result of the stress patterns described
above. Addmonally, removal of the retaining ring 20
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from the rotor thus relieving the stress,. may cause
cracks on the interior to close and not be detectable
using any conventional means. Therefore in-situ diag-
nostics as made possible by this invention, are greatly
preferable and needed. A typical retaining ring 20 may
be tested in accordance with the invention described
herein with sufficient sensitivity to detect cracks not
visible from or extending to the exterior surface and not
detectable using prior art testing techniques. Whereas
the retaining rings, by prior art test methods, may have
to be removed from the rotor for inspection, the method
of this invention will permit inspection with the retain-
ing ring in-situ.

To facilitate testing, in accordance with the tech-
niques disclosed therein, the retaining ring 20 has a
plurality of test current injection contacts formed on the
exterior surface thereof. As an example of the method,
three typical points 22 are located in a row along a first

‘edge of the retaining ring 20. Similarly three additional

test current injection contacts 24 are located in a second
row along the second edge of the retaining ring 20. Two
rows, each including three test current injection
contacts which will inject current transversely to the
axis of rotation 21 of the retaining ring 20 as respec-
tively illustrated at reference numerals 26 and 28. Se-

lected areas of the surface of the retaining ring 20 may

be plated using a metal to form the test current injection
contacts. |

In utilizing the invention, at least one test current 1S
injected between a plurality (at least a pair) of the cur-

rent injection contacts. More specifically, in FIG. 2 a
first current injection probe 30 and a second current
injection probe 32 are positioned in electrical contact
with first and second current injection contacts 34 and
36. The current injection probes, 32 and 36, are pro-
vided with a suitable test current from a current source,
not illustrated for reasons of simplicity, causing a test
current to flow in the retaining ring 20 in a pattern
typically illustrated by dotted lines in FIG. 2. The den-
sity and direction of the dotted lines in FIG. 2 respec-
tively correspond to the magnitude and direction of the
test current. That is to say that the portions of the re-
taining ring 20 having a larger test current density flow-
ing therein are indicated by dotted lines which are
closer spaced than those portions of the retaining ring
having a lower test current density.

It should also be noted that even though the single

~ {composite) test current is injected at only two points in

this example, the composite test current divides and -
distributes over the retaining ring 20 such that test cur--
rents flows in essentially all portions of the retaining
ring 20 with the magnitude and direction of the test
current in each path having a predetermined relation-
ship to the electrical impedance along that path. Factors
determining the electrical impedance along any arbi-
trary path between an arbitrary pair of current injection
contacts include the length of the path, the material of
which the retaining ring is constructed, the dimensions
of the retaining ring 20, the integrity of the retaining
ring 20 along the test current path and deliberate electri-
cal insulation placed between adjacent parts, such as
between the retaining ring and the copper windings of
the rotor. In particular this method is advantageous for
in-situ diagnosis of retaining rings because there is an
insulating layer between the ring and the copper wind-
Ing system.

Inhomogeneities such as a typical crack 37 which
may be essentially parallel to the test current flow have
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little effect on the mmpedance of the path. However
cracks which are essentially perpendicular to the natu-
ral current flow path of the test current significantly
increase the impedance along the path and reduce the
test current density flowing in the component in an area
near the crack 38 (illustrated in FIGS. 3 and 4). The
‘magnetic field associated with each test current path

and each point thereof is measured along the exterior

surface of the retaining ring 20 to produce a map of the
magnetic field having a predetermined relationship to

the associated test currents and inhomogeneities in the
retaining ring 20. The magnetic field at a plurality of
points along the surface of the retaining ring is detected
by a SQUID §0 (FIG. 7) array to produce a data base
which is analyzed to determine the structural integrity
of the retaining ring 20 as more specifically described
below. However, the specific test current patterns illus-
trated in FIG. 2 are not particularly effective in detect-
ing the crack 37. This example illustrates one of the
 limitations of typical prior art systems. |

FIGS. 3, 4, and 5, indicate disturbances to be ex-
pected in the test current flow patterns and the mag-
- netic fields resulting therefrom as a result of a typical
crack 38, which is substantially parallel to the axis of
rotation 21 the retaining ring 20 and perpendicular to
-the test currents. In this figure, the test current injection
probes 30 and 32 are not illustrated for purposes of
simplifying the drawings. |

More specifically, the crack or defect 38 extending
from the edge of the retaining ring 20 towards its inte-
rior and across the path of the test current resulting in
an increase in the electrical impedance of the retaining
ring 20. This causes the test current to deviate around
the crack 38 and increase in density near the tip of the
crack 38. In extreme circumstances, the test current
density zero along the outer edge of the retaining ring
20. Specifically, the extreme situation is illustrated in
FIG. 4 where the crack 38 has progressed to a point
where no electrical contact is made between opposing
surfaces of the crack 38. This results in the current
along the edge decreasing to zero. Conversely, as illus-
trated in FIG. §, some electrical contact may be main-

tained between the edges of the crack with the current

decreasing along the edge and increasing along the tip
of the crack 38.

FI1G. 6 illustrates that multiple test current may be
injected using different pairs of current injection
contacts. More specifically, in this illustration, a first
test current is injected using a second pair of current
injection contacts, 44 and 46. The first test current pre-
viously illustrated and discussed may simultaneously be
injected using test current injection contacts 34 and 36.
Since this test current was previously discussed with
reference to FIG. 2, it is not illustrated in this drawing,
for reasons of simplicity.

Suitable SQUID arrays can be formed in an overlay
- such as blankets which conform to a portion or all of the
outer surface of the retaining ring 20. A typical blanket
is illustrated in FIG. 7 at Reference Numeral 50 with
respect to a portion of the retaining ring 20. The
SQUID detectors are arranged in rectangular patterns
corresponding to dotted lines 52 and coupled to a data
processing or collection systems such as a data proces-
sor 53 (digital computer system) using a cable 54. As 1s
conventional in the art, the array must be cooled by
flowing a suitable coolant in the cooling input port 56
and out the cooling output port 58. A cross-section of a
typical section of the blanket is shown in FIG. 8. The
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blanket includes an outer and inner protector cover 60
and 62, which must be sufficient to retain the coolants
and provide suitable mechanical protection for the
SQUID detectors.

This array approach improves the reliability of the
test method since it may be important not only to detect
a fault, but also the location of the fault. If a single
element SQUID is used, a change in signal at different

times might be due to mislocation in set up rather than
the formation of a fault. Whereas the SQUID array will

not permit such errors because by having many refer-
ence points (all of which could be spanned simulta-
neously by the elements of the array) the output from
the unaffected reference points would easily assure that
the SQUID array was precisely repositioned back to its
previous test location. '

The SQUID array is formed on the inner surface of
the protective coating 62 as illustrated at Reference
Number 64. Space between the SQUID array 64 and
the upper cover 60 is provided for the coolant to flow as
indicated at Reference Numeral 68. Interface wiring
between the computer port 54 and the SQUID array 64
can be provided using any convenient technique so long
as it doesn’t interfere with the cooling of the SQUID
array.

Alternatively, the SQUID array may comprise a
plurality of overlying arrays of detectors with the de-
tectors comprising each layer offset with respect to the
detectors of the other arrays. More specifically, such an
arrangement is illustrated in FIG. 9 with respect to
three typical SQUID detectors, 80, 82, and 84. Each of
the arrays are positioned such that any three SQUID
detectors with each detector selected from a different
array are sensitive to the magnetic field present in a
common overlapping area 86, which is less than the
active area of any of the three SQUID detectors, 80, 82,
and 84. Output signals from the SQUID detectors are
processed by a digital computer to improve the resolu-
tion of the magnetic map to correspond to this area.

Direct cooling of each SQUID element or array of
SQUID elements is also possible by use of microminia-
ture refrigeration systems built into or attached to the
integrated network of SQUIDS rather than the double-
walled blanket.

Although this technique of improving the resolution
of the system has been illustrated with respect to three
layers, it will be appreciated by those skilled in the art
that more layers may be used to further improve the
resolution.

Various alternate features and embodiments of the
invention are 1illustrated in FIGS. 10 through FIG. 14.
More specifically, FIG. 10 illustrates an alternate ar-
rangement of the SQUID array, FIGS. 11 and 12 illus-
trate alternate means of producing the multi-dimen-
sional test currents and FIG. 13 and FIG. 14 illustrate
alternate arrangements of the current injection contacts.
- In FIG. 10 an elongated array 90 of SQUID detectors
is held in a fixed position as the retaining ring 92 is
rotated. Multi-dimensional test currents are produced in
the retaining ring 92 by any suitable means. As the
retaining ring 92 rotates data is collected to produce a
map of the magnetic field over its surface.

Test currents may also be injected into the compo-
nent to be tested using techniques not requiring any
direct electrical connection to the component. Typical
examples of such techniques include the use of current
carrying induction coils positioned in a predetermined
relationship to the component to be tested. Two exam-
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~ ples of usable mductlon colils are illustrated in FIGS. 11
~and 12. |

In FIG. 11, the axis of the induction coil 100 is sub-
stantially perpendicular to the axis of rotation 102 of the

- retaining ring 104. By contrast, in FIG. 12 the axis of 5

the induction coil 106 is substantially parallel to the axis
of rotation of the retaining ring 108.

- Alternatively, it should be emphasized that the cur-
rent injection pads previously discussed may be ran-
domly shaped and located at randomly selected loca-
tions so long as the selected locations result in suitable
test currents flowing in all portions of the component to
be examined. For example, in FIG. 13 four elongated
current injection contacts 110, 112, 114 and 116 are

10

affixed in a rectangular configuration to a portion 119 of 15

a typical retaining ring. A first contact pair 110 and 114
is oriented perpendicularly to the axis of rotation of the
retaining ring. Similarly a second contact pair 112 and
116 is oriented substantially parallel to the axis of rota-
tion. As previously explained, probable orientation of a
typical stress crack 119 in the retaining ring 118 is sub-
stantially parallel to the axis of rotation. A multi-dimen-
sional test current injected using contact pair 110 and
114 will experience a minimum disturbance. Similarly, a
multi-dimensional test current injected using contact
pair 112 and 116 will experience a maximum distur-
bance. Overall sensitivity of the system is enhanced by
processing data axis of differently oriented multi-dimen-
sional test currents together with maximum sensitivity
resulting when the test currents are oriented with re-
spect to the flaw so as to achieve a correlation between
maximum and minimum perturbations.

One simple technique is to produce 2 composite mag-
netic map which is the part-by-part difference of two
maps. Other processing techniques are also possible.

Other arrangements or elongated current injection pads

are also usable. Any pair or any three of these current
injection pads may be used to inject the multi-dimen-
‘sional test current.

Another configuration of usable current injection
contacts is illustrated in FIG. 14. In this configuration,
the current injection test contacts are arranged along a
closed curved path, which may be a circle with two
typical contacts illustrated at reference numerals 120
and 122.

The above test current injection patterns are exam-
ples only.

We claim:

1. A system for detecting structural inhomogeneities
in a component to be tested, comprising in combination:
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ship to the electrical conductivity charactenstlcs of
said component; and

(d) means for analyzing said data arrays to determine

if said component includes structural inhomogenei-
ties.

2. A system for detecting structural inhomogeneities
in a component in accordance with claim 1 wherein said
means for establishing said at least one multi-dimen-
sional test current includes a plurality of test current
injection contacts which may be selected and used in
patrs to selectively inject multi-dimensional test cur-
rents into said component with each multi-dimensional
test current injected utilizing different pairs of said test
current injection contacts and flowing along selected
and different paths.

3. A system in accordance with claim 2 wherein the
major current paths associated with at least first and
second pairs of said test current injection contacts inter-
sect at a selected angle.

4. A system in accordance with claim 3 wherein said
selected angle is in the order of 90 degrees.

3. A system in accordance with claim 1 wherein se-
lected ones of said multi-dimensional test currents have
different characteristics permitting the magnetic fields
assocliated therewith to be distinguished from each
other. | |
6. A system in accordance with claim 5 wherein said
different characteristics are selected to permit informa-
tion related to the depth of said inhomogeneity to be
obtained.

7. A system in accordance with claim 1 wherein said
means for detecting said magnetic field includes a pre-
determined number of individual SQUID detectors.

8. A system in accordance with claim 7 wherein said
predetermined number of SQUID detectors comprises a
plurality of SQUID detectors arranged in an array of a
predetermined pattern.

9. A system in accordance with claim 8 wherein said
array of SQUID detectors are arranged and mounted in
the form of a flexible blanket which may be shaped to
substantially conform to a first surface of said compo-
nent.

10. A system in accordance with claim 9 wherein said
means for analyzing each of said plurality of data arrays
includes means for forming a map of the intensity con-
tour of the magnetic field resulting from said test cur-
rents along said at least one surface of said component.

11. A system in accordance with claim 10 wherein

~ said means for analyzing each of said plurality of data

50

(a) means for selectively establishing at least one

multi-dimensional test current in said component to
- produce a magnetic field detectable adjacent to the
surface of said component;

(b) means for selectively and sequentially changing at
least one parameter of said multi-dimensional test
current, said at least one parameter being selected
from a list which includes,

(1) the frequency of said multi-dimensional test
current;

(2) the amplitude of said multi-dimensional test
current;

(3) the orientation of said multi-dimensional test
current with respect to said component;

(c) means for detecting the magnitude of said mag-
netic field at a plurality of locations adjacent to said
surface of said component to form a selected num-
ber of data arrays having a predetermined relation-

55

65

bases includes means for analyzing said maps to identify
portions having abnormal characteristics.

12. A system in accordance with claim 11 further
including micro-refrigeration means for cooling mem-
bers of said SQUID array.

13. A system in accordance with claim 11 wherein
means for analyzing each of said plurality of data bases
includes means for analyzing said maps to identify ab-
normal flow patterns in said multi-dimensional test cur-
rents.

14. A system in accordance with claim 13 wherein
inhomogenetties in said component are located by iden-
tifying changes in the flow pattern of said multi-dimen-
sional test currents whlch are the resulit of said inhomo-
geneities.

15. A system for detecting inhomogeneities in a com-
ponent, comprising in combination:

(a) means utilizing at least one multi-dimensional test

current to establish a magnetic field having a se-
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lected magnitude and a selected orientation in said
component; |

(b) means for selectively changing said selected orien-
tation; |

(c) means for detecting the magnetic field in a plane 5
having a predetermined relationship to a surface of
said component to produce a data array; and

(d) means for analyzing each of said data arrays to
determine the location and characteristics of said

inhomogeneity. 10

- 16. A system for detecting inhomogeneities in a com-
ponent comprising in combination;

(a) means for injecting at least one multi-dimensional

test current into said component, said multi-dimen-

sional test current having parameters including 15

frequency, amplitude and orientation with respect
to said component which may be selectively and
sequentially varied;

(b) means for selectively and sequentially varying

said parameters; 20

(c) means for detecting the magnetic field associated
with said multi-dimensional test current compris-
ing two or more arrays of SQUID detectors with
members of said arrays off-set such that the respon-

sive area of selected members of said arrays par- 25

tially overlap to produce at least first and second
data bases; and

(d) means for analyzing said data bases to produce a
magnetic map having a resolution higher than simi-

lar maps produced using a reduced number of data 30

bases. -
17. A system for producing a multi-dimensional
image of inhomogeneities in a component, comprising

in combination:

12

said multi-dimensional test currents are injected utiliz-
ing a plurality of current injection contacts which are
selected in at least pairs with selected ones of said multi-
dimensional test currents flowing along different paths.

22. A system in accordance with claim 21 wherein the
major test current paths associated with at least first and
second pairs of said multi-dimensional test current injec-
tion contacts are selected to intersect at a selected angle.

23. A system in accordance with claim 22 wherein
said selected angle is selected to be in the order of 90
degrees.

24. A system in accordance with claim 23 wherein the
characteristics of selected ones of said multi-dimen-
sional test currents are selected to permit the magnetic
fields associated therewith to be distinguished from
each other. |
- 25. A system in accordance with claim 24 wherein

- said different characteristics are selected to permit in-

formation related to the depth of said inhomogeneities
to be obtained.

26. A method for detecting inhomogeneities in a com-

ponent, comprising the steps of:

(a) producing at least one multi-dimensional test cur-
rent having selectively variable parameters in said
component to establish a magnetic field having a
selected magnitude and a selected orientation in
said component;

(b) detecting said magnetic field in a plane having a
predetermined relationship to a surface of said
component to produce a data array; and

(¢) analyzing each of said data array to determine the
location, depth and characteristics of said inhomo-
geneities. |

27. A method for detecting structural inhomogenei-

(a) means for establishing a sequential plurality of 35 tiesin a component to be tested, comprising the steps of:

multi-dimensional test currents in the component
to be tested, each of said plurality of multi-dimen-
sional test currents having parameters which may
be selectively changed;

(b) means for selectively varying said parameters;, 40

(c) means for producing a multi-dimensional map of
the magnetic fields associated with said multi-
dimensional fest currents; and

(d) means for analyzing said multi-dimensional maps

to produce a muiti-dimensional image of said in- 45

homogeneities.
18. A system for detecting inhomogeneities 1n a rotat-
ing component, comprising in combination:
(a) means for establishing a predetermined pattern of

multi-dimensional test currents in said rotating 50

component, said multi-dimensional test currents
having parameters including frequency, orientation
and amplitude which can be selectively and se-
quentially varied;

(b) means positioned at a fixed location relative to 55

said rotating component to detect magnetic fields
related to said multi-dimensional test currents to
form a data array;

(c) means for analyzing said data array to detect any
inhomogeneities in said rotating component.

19. A system in accordance with claim 18 wherein

60

(a) selectively establishing at least one multi-dimen-
sional test current having selectively variable pa-
rameters in said component to produce a magnetic
field detectable adjacent to the surface of said com-
ponent; .

(b) detecting the magnitude of said magnetic field at
a plurality of locations adjacent to a surface of said
component to form a selected number of data ar-
rays having a predetermined relationship to the
electrical conductivity characteristics of said com-
ponent; and

(c) analyzing said data arrays to determine if said
component includes structural inhomogenetties.

28. A method in accordance with claim 27 further
including the step of positioning a plurality of SQUID
detectors at predetermined locations adjacent said sur-
face of said component to detect said magnetic field.

29. A method in accordance with claim 28 further
including the step of arranging said SQUID detectors in
an array having a predetermined pattern.

30. A method in accordance with claim 29 further
including the step of mounting said SQUID detectors
on a flexible blanket which may be shaped to substan-
tially conform to a first surface of said component.

31. A method in accordance with claim 30 further
including the step of further analyzing said data array to

produce a map of the intensity contour of the magnetic
field resulting from said multi-dimensional test currents
along said at least one surface of said component.

32. A method in accordance with claim 31 further
including the step of selectively analyzing said maps
and identifying portions corresponding to said inhomo-
geneities.

said means to detect magnetic fields includes an array of
micro-refrigeration cooled SQUID detectors.

20. A system in accordance with claim 19 wherein
said SQUID detectors are designed to operate at a tem- 635 .
perature above 20K.

21. A system for detecting structural inhomogeneities
in a component in accordance with claim 20 wherein
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33. A method in accordance with claim 32 further
including the step of analyzing said magnetic maps to
identify locations corresponding to abnormal multi-
dimensional test currents flow patterns.

34. A method in accordance with claim 33 further
including the step of identifying changes in the flow
pattern of said multi-dimensional test currents which
are the result of said inhomogeneities.

35. A method in accordance with claim 32 further
including the step of utilizing micro-refrigeration means
for cooling members of said SQUID array.

36. A method for detecting inhomogeneities in a com-
ponent, comprising in combination:

(a) producing at least one multi-dimensional test cur-
rent having selectively variable parameters in said
component;

(b) detecting the magnetic field produced by said
multi-dimensional test current utilizing two or
more arrays of SQUID detectors with members of
said arrays off-set such that the action response of
selected members of said arrays partially overlap to
produce first and second data basis; and

(c) analyzing said data bases to produce a magnetic

‘map having a resolution higher than similar maps
produced using a reduced number of data bases.

37. A method for producing a multi-dimensional
image of inhomogeneities in a component, comprising
in combination:

(a) producing at least one multi-dimensional test cur-
rent having selectively and sequentially variable
parameters in the component to be tested; (b) de-

- tecting the magnetic fields associated with said at
least one multi-dimensional test current to produce
a multi-dimensional map of the magnetic fields; and

(c) analyzing said multi-dimensional maps to produce
a multi-dimensional image of said inhomogeneities.

38. A method for detecting inhomogeneities in a ro-
tating component, comprising the steps of:

(a) establishing a predetermined pattern of at least one
multi-dimensional test current having selectively
and sequentially variable parameters in said rotat-
ing component; |

(b) detecting the magnetic fields produced by said
one or more multi-dimensional test currents at a
selected fixed location to produce a data array; and

(c) analyzing said data array to detect any inhomoge-
neities in said rotating component.
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39. A method in accordance with claim 38 wherein
said means to detect magnetic fields includes an array of
mlcro-refngeratlon cooled SQUID detectors.

40. A method in accordance with claim 38 including
the further steps of: |

(a) processing said at least first and second data bases
to produce first and second magnetic maps;

(b) processing said first and second magnetlc maps to
identify regions of maximum and minimum mag-
netic field intensity; and |

(c) correlating said signals of maximum and minimum
magnetic field intensity to identify flaws in said
component being tested.

41. A method in accordance with claim 38 wherein

said component is a retaining ring.

42. A method in accordance with claim 41 wherein
said surface is an interior surface of said retaining ring.

43. A method in accordance with claim 42 wherein
said multi-dimensional test current is pulsed. |

44. A method in accordance with claim 38 wherein
said rotating electrical machine is an electnc: current
generator.

45. A method in accordance with claim 38 wherein
said rotating machine is an electric motor.

46. A method in accordance with claim 38 wherein
saild surface is an interior surface.

47. A method of testing at least one component form-
ing a part of rotating electrical machines, comprising
the steps of:

(a) establishing at least a plurality of multi-dimen-
sional test current in said component, a first one of
said multi-dimensional test currents having a first
orientation with respect to the axis of rotation of
said retaining ring, a second one of said multi-
dimensional test currents having a second orienta-
tion with respect to the axis of rotation of said
retaining ring, said first orientation differing from
said second orientation;

(b) utilizing a plurality of sensors positioned adjacent
a surface of said component to produce at least first
and second data bases, said first and second data
base respectively having first and second predeter-
mined relationships to the flow pattern of said first
and second positions of said multi-dimensional test
currents;

(c) processing said first and second data bases to pro-

duce data having a predetermined relationship to

the integrity of said retaining ring.
X 0k K % %
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